ϩ current is the M-current, a noninactivating, subthreshold outward K ϩ current. Previously, we found that M-current activity was highly reduced in fasted vs. fed states in neuropeptide Y neurons. Because POMC neurons also respond to energy states, we hypothesized that fasting may alter the M-current and/or its modulation by serotonergic input to POMC neurons. Using visualized-patch recording in neurons from fed male enhanced green fluorescent protein-POMC transgenic mice, we established that POMC neurons expressed a robust M-current (102.1 Ϯ 6.7 pA) that was antagonized by the selective KCNQ channel blocker XE-991 (40 M). However, the XE-991-sensitive current in POMC neurons did not differ between fed and fasted states. To determine if serotonin suppresses the M-current via the 5-HT 2C receptor, we examined the effects of the 5-HT2A/5-HT 2C receptor agonist 2,5-dimethoxy-4-iodoamphetamine (DOI) on the M-current. Indeed, DOI attenuated the M-current by 34.5 Ϯ 6.9% and 42.0 Ϯ 5.3% in POMC neurons from fed and fasted male mice, respectively. In addition, the 5-HT 1B/5-HT2C receptor agonist mchlorophenylpiperazine attenuated the M-current by 42.4 Ϯ 5.4% in POMC neurons from fed male mice. Moreover, the selective 5-HT 2C receptor antagonist RS-102221 abrogated the actions of DOI in suppressing the M-current. Collectively, these data suggest that although M-current expression does not differ between fed and fasted states in POMC neurons, serotonin inhibits the M-current via activation of 5-HT2C receptors to increase POMC neuronal excitability and, subsequently, reduce food intake. feeding behavior; KCNQ channels; hypothalamus THE HYPOTHALAMIC MELANOCORTIN [proopiomelanocortin (POMC)] system is critical neural circuitry in the control of numerous homeostatic functions, including reproduction, stress response, and energy homeostasis (3, 5). POMC neurons are a target for numerous central and peripheral signals, including serotonin, to control energy balance (3, 11). In fact, serotonergic neurons project from the dorsal and median raphe nuclei to the arcuate nucleus, where the G q -coupled serotonin [5-hydroxytryptamine (5-HT)] type 2C (5-HT 2C ) receptors are highly expressed (7). These receptors are also highly expressed in POMC neurons (10, 26) and are necessary for serotonin's control of POMC function (41). The 5-HT reuptake inhibitor/5-HT releaser d-fenfluramine and agonists of the 5-HT 2C receptor activate POMC neurons (10, 11), and 5-HT 2C receptor agonists also increase POMC gene expression in the arcuate nucleus (16, 42). Furthermore, 5-HT 2C receptors modulate the activity of at least two channels [G protein inwardly rectifying K ϩ (GIRK) and nonselective cation channels] to control POMC neuronal excitability (26, 36) .
activate POMC neurons (10, 11) , and 5-HT 2C receptor agonists also increase POMC gene expression in the arcuate nucleus (16, 42) . Furthermore, 5-HT 2C receptors modulate the activity of at least two channels [G protein inwardly rectifying K ϩ (GIRK) and nonselective cation channels] to control POMC neuronal excitability (26, 36) .
Another potential cellular target of 5-HT 2C receptors is the M-current, a subthreshold, noninactivating, voltage-dependent K ϩ current. The K ϩ channels that underlie the M-current are the KCNQ channel subunits (KCNQ2, KCNQ3, and KCNQ5). The subunits are expressed throughout the central nervous system (CNS), and the M-current is ubiquitous in most neuronal cell types (28) . The coexpression of KCNQ2 and KCNQ3 is thought to be the primary heteromultimer that functions as the neuronal M-current. When coexpressed in heterologous cells, KCNQ2 and KCNQ3 produce a robust current with properties similar to those of the native neuronal M-current. KCNQ5 also produces a robust current similar to the native M-current when coexpressed with the KCNQ3 subunit (17, 28) .
The M-current is modulated by G␣ q protein-coupled receptors (4, 28) . G␣ q protein-coupled receptors can modulate the M-current through the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) by PLC (39) , similar to actions of the 5-HT 2C receptor on GIRK channel activity in POMC neurons (26, 25) . Since 5-HT 2C receptors are coupled with G␣ q protein and highly expressed in the arcuate nucleus and in POMC neurons and serotonin is known to inhibit the M-current in human cortical neurons (20) , we hypothesized that 5-HT 2C receptor agonists will inhibit the activity of the M-current in POMC neurons to control neuronal excitability and reduce food intake. Furthermore, we have also shown that fasting and 17␤-estradiol differentially modulate the M-current in neuropeptide Y (NPY) neurons in the arcuate nucleus (30) . Because NPY neuronal activity opposes POMC activity in the controlof-feeding behavior, we hypothesized that the control-of-feeding behavior in POMC neurons may also involve modulation of the M-current in POMC neurons during fasting. Therefore, we used whole cell patch recording and selective pharmacological reagents to examine the effects of fasting and 5-HT 2C receptor agonists on the activity of the M-current in POMC neurons.
MATERIALS AND METHODS
Animal care and experimental treatments. All animal treatments are in accordance with institutional guidelines based on National Institutes of Health standards and were approved by the Institutional Animal Care and Use Committee at the Oregon Health and Science University. Male enhanced green fluorescent protein (EGFP)-POMC transgenic mice [originally provided by Dr. Malcolm Low (formerly affiliated with the Oregon Health and Science University and currently with the University of Michigan)] were selectively bred in-house and maintained under controlled temperature (25°C) and photoperiod conditions (12:12-h light-dark cycle) with food and water available ad libitum. Adult male mice (10 -12 wk old) were fed or fasted for 24 h prior to experimentation. Average weight loss after a 24-h fast was 3.8 Ϯ 0.2 g (n ϭ 15) for male mice. Fasting had no effect on animal activity, fur condition, and response to handling.
Drugs. The selective KCNQ channel blocker 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone dihydrochloride (XE-991) and the 5-HT 2C receptor antagonist 8-(5-[2,4-dimethoxy-5)-(4-trifluoromethylphenylsulfonamido)phenyl-5-oxopentyl]1,3,8-triazaspiro [4, 5] decane-2,4-dione hydrochloride (RS-102221) were purchased from Tocris (Ellisville, MO) and dissolved in DMSO at a concentration of 40 mM and further dissolved in artificial cerebrospinal fluid (CSF) to a final concentration of Ͻ0.1%. The 5-HT 2A/5-HT2C receptor agonist 2,5-dimethoxy-4-iodoamphetamine (DOI) and the 5-HT 1B/5-HT2C agonist m-chlorophenylpiperazine (mCPP) were purchased from Sigma-Aldrich and dissolved in H 2O. The transient receptor potential channel (TRPC) blocker 2-aminoethoxydiphenyl borate (2-APB) was purchased from SigmaAldrich and dissolved in DMSO at a concentration of 100 mM and further dissolved in artificial CSF to a final concentration of Ͻ0.1%. Tetrodotoxin (TTX) was purchased from Alomone Laboratories (Jerusalem, Israel) and dissolved in H 2O. All drugs were bath-perfused until a steady-state response was obtained.
Preparation of basal hypothalamic slices. Slices were prepared as described previously (24, 25, 30) . Transgenic EGFP-POMC mice were killed quickly by decapitation at 1000 -1100. The brain was rapidly removed from the skull, and a block containing the basal hypothalamus (BH) was immediately dissected. The BH block was submerged in cold (4°C) oxygenated (95% O2-5% CO2) high-sucrose CSF (in mM: 208 sucrose, 2 KCl, 26 NaHCO3, 10 glucose, 1.25 NaH2PO4, 2 MgSO4, 1 CaCl2, and 10 HEPES, pH 7.3, 300 mOsm). While the slices were bathed in high-sucrose CSF at 4°C for 10 min, coronal slices (250 m) from the BH were cut on a Vibratome. The slices were then transferred to an auxiliary chamber, in which they were kept at room temperature (25°C) in artificial CSF (in mM: 124 NaCl, 5 KCl, 2.6 NaH2PO4, 2 MgCl2, 2 CaCl2, 26 NaHCO3, and 10 glucose, pH 7.3, 310 mOsm) until recording (recovery for 2 h).
Visualized whole cell patch recording. A single slice was transferred to the recording chamber mounted on an upright microscope (model BX51W1, Olympus) equipped with a video-enhanced digital camera (Rol-X-FM-12, Q Imaging, Surrey, BC, Canada) with infrared-differential interference contrast and a fluorescent light source (X-Cite 120 series, Exfo, Mississauga, ON, Canada). The slice was continually perfused with warm (35°C) oxygenated artificial CSF at 1.5 ml/min. Targeted neurons were viewed using infrared-differential interference contrast and blue excitation light with an ϫ40 waterimmersion lens (Olympus). Normal artificial CSF and pipette solutions were used in electrophysiological recording (14, 24, 25) . Standard whole cell patch recording procedures and pharmacological testing were carried out as previously described (30, 40) . Whole cell voltage-and current-clamp recordings were performed using pipettes made of borosilicate glass and pulled using a micropipette puller (P-97 Flaming/Brown, Sutter Instrument, Novato, CA). Pipettes were filled with normal internal solution (in mM: 10 NaCl, 128 K-gluconate, 1 MgCl2, 10 HEPES, 1 ATP, 11 EGTA, and 0.25 GTP, pH 7.3, 300 mosM) with a 3-to 5-M⍀ resistance. An Axopatch 200A amplifier, Digidata 1322A data acquisition system, and pCLAMP software (version 9.2, Molecular Devices) were used for data acquisition and analysis. Input resistance, series resistance, and membrane capacitance were monitored throughout the experiments. Only cells with stable series resistance (Ͻ30 M⍀, Ͻ20% change) and Ͼ500-M⍀ input resistance were used for analysis. The access resistance was 80% compensated, and the calculated liquid junction potential (ϳ10 mV) was corrected.
To display reversal potential and rectification characteristics of the ligand-activated currents, current-voltage (I-V) plots were constructed by voltage steps from Ϫ50 to Ϫ140 mV at 10-mV increments applied at 1-s intervals from a holding potential of Ϫ60 mV. From this protocol, the slope conductance was determined from the I-V plot as the ratio of the current (pA) to the voltage (Ϫ50 to Ϫ60 mV). In voltage clamp, a deactivation protocol was used to measure the deactivation or relaxation current. This protocol was used to measure the M-current elicited during 500-ms voltage steps from Ϫ30 to Ϫ75 mV after a 300-ms prepulse to Ϫ20 mV, which included the membrane potential at which the maximal M-current could be obtained (30, 33) . The amplitude of M-current relaxation or deactivation was measured as the difference between the initial (Ͻ10 ms) and sustained (Ͼ475 ms) current of the current trace in the control condition (TTX only, 0.5 M, 5 min) minus the difference in the XE-991 condition (20 or 40 M, ϩTTX, 10 min). The deactivation protocol was repeated twice for each bath solution and averaged for analysis. Perfusion with 5-HT2C receptor agonists was performed after control periods of 10-min each and, in some experiments, was followed by perfusion of 20 M XE-991. The selective 5-HT2C receptor antagonist RS-102221 (20 M) (2) was perfused for 30 min prior to the control protocols to ensure effective blocking of DOI, which was perfused for another 10 min. The effects of DOI (20 M) with or without XE-991 (40 M) or 2-APB (100 M), a blocker of TRPCs, were also studied in current clamp to ascertain the effects on neuronal excitability.
Data analysis. Statistical comparisons of the I-V plots between different feeding states and 5-HT receptor agonist and antagonist treatments were performed using a one-or two-way ANOVA with the Bonferroni-Dunn multiple comparison tests. Differences were considered statistically significant if the probability of error was Ͻ5%. All data are means Ϯ SE.
RESULTS

Activity of the M-current in POMC neurons in fed and fasted male mice.
To measure the M-current in voltage clamp, we measured the deactivation of the whole cell K ϩ currents elicited by an established protocol (30) before and after application of drug treatment in the presence of TTX (0.5 M). The deactivation protocol examines the voltage range (Ϫ30 to Ϫ75 mV) where the M-current has its most profound effect on excitability. The K ϩ current was calculated by subtraction of the current relaxation (difference between instantaneous and steady state; arrows in Fig. 1A ). Because the M-current has been shown to decrease, or "run down," after cell dialysis in whole cell recordings in other CNS neurons (35) , the whole cell K ϩ currents evoked by the deactivation protocol were monitored over 30 min to determine the change in the relaxation currents (Fig. 1B) . In POMC neurons from fed male mice, the outward K ϩ currents evoked by the protocol did not significantly decrease over 30 min, which is well within the experimental time frame. The current evoked by the protocol was also suppressed by perfusion with the 5-HT 2A /5-HT 2C receptor agonist DOI (20 M) and the KCNQ channel blocker XE-991 (20 M) (Fig. 1B) . The effects of XE-991 (20 M) washed out after 45 min (data not shown).
Recently, we showed that the XE-991 (40 M)-sensitive M-current in NPY neurons differed between fed and fasted male mice (30) . Therefore, we repeated these fed vs. fasted experiments in POMC neurons with 40 M XE-991 for comparison. Interestingly, the M-current activity in POMC neurons was not significantly different between fed and fasted male mice ( Fig. 2A ). There was also no significant difference in resting membrane potential (Ϫ68.4 Ϯ 1.3 and Ϫ70.1 Ϯ 1.9 mV in fed and fasted male mice, respectively, n ϭ 7), the depolarizing effects of XE-991 (9.6 Ϯ 1.1 and 8.0 Ϯ 2.0 mV in fed and fasted male mice, respectively; Fig. 2B ), or the whole cell capacitance (16.4 Ϯ 1.0 and 19.3 Ϯ 2.2 pF in fed and fasted male mice, respectively).
However, the XE-991 (20 M)-sensitive current was significantly increased in 24-h-fasted (P Ͻ 0.05; Fig. 3 , A and B) compared with fed male mice. Representative traces of the deactivation protocol illustrate the reduction in the relaxation current by 20 M XE-991 in POMC neurons from fed and fasted male mice (Fig. 3A) . The maximum XE-991-sensitive current measured at Ϫ35 mV was 16.8 Ϯ 3.0 and 38.0 Ϯ 4.8 pA in the fed and fasted male mice, respectively (n ϭ 12 in each group; Fig. 3B ). Moreover, XE-991 (20 M) significantly depolarized POMC neurons in the fed and fasted states by 6.8 Ϯ 1.0 and 9.2 Ϯ 1.4 mV, respectively (Fig. 3C) . It is interesting that the maximal current at Ϫ35 mV blocked by XE-991 (i.e., XE-991-sensitive current) was significantly higher at 40 than 20 M in POMC neurons from fed and fasted male mice (Fig. 3D ). The average difference at the maximum peak current between the XE-991 treatments (40 vs. 20 M) was significantly greater in the fed than the fasted male mice (46.7 Ϯ 4.0 vs. 28.9 Ϯ 4.2 pA, P Ͻ 0.05), which may indicate a difference in KCNQ subunit expression between the two states (see DISCUSSION) .
Agonists of 5-HT 2C receptors inhibit the M-current in POMC neurons. Initially, we used the 5-HT 2A /5-HT 2C receptor agonist DOI (20 M) (1) to determine if serotonin modulates the M-current in POMC neurons. Deactivation protocols were run after the control and drug treatment periods to determine the change in the activity of the M-current. In a subsample of POMC neurons, DOI was followed by XE-991 (20 M, 10 min) to ascertain how much of the M-current was attenuated by activation of the 5-HT 2A /5-HT 2C receptor by DOI. In 19 of 22 POMC neurons from fed male mice, DOI suppressed the peak M-current by 34.5 Ϯ 6.9% or 26.3 Ϯ 5.3 pA (n ϭ 19, measured at Ϫ35 mV; Fig. 4, A and B) . Next, XE-991 was perfused following DOI to determine how much of the M-current was suppressed by DOI, and, on the average, XE-991 suppressed the maximal M-current activity (at Ϫ35 mV) by an additional 19.1 Ϯ 3.3%, for a total of 44.3 Ϯ 6.4 pA (n ϭ 15). Therefore, DOI may not suppress the entire M-current activity in POMC neurons from fed male mice. DOI also significantly depolarized POMC neurons by 7.5 Ϯ 1.0 mV (P Ͻ 0.01), decreased the slope conductance from 2.6 Ϯ 0.2 to 1.8 Ϯ 0.2 nS (P Ͻ 0.01), and induced an inward current of 9.0 Ϯ 1.5 pA (Fig. 4A) .
To determine which serotonin receptor subtype is involved in the suppression of the M-current in POMC neurons, the selective 5-HT 1B /5-HT 2C receptor agonist mCPP (20 M) (1) was perfused. In seven of eight cells, mCPP suppressed the M-current activity at Ϫ35 mV by 42.4 Ϯ 5.4% in POMC neurons from fed male mice (Fig. 4, C and D) . The mCPPsensitive current was 32.0 Ϯ 3.9 pA at Ϫ35 mV (P Ͻ 0.001). Similar to DOI, mCPP depolarized POMC neurons by 8.1 Ϯ 2.3 mV, decreased the slope conductance from 3.3 Ϯ 0.2 to 2.1 Ϯ 0.3 nS (P Ͻ 0.01), and induced an inward current of 7.6 Ϯ 3.3 pA. Because DOI and mCPP have agonist activity for 5-HT 2C receptors in common, these data suggest that 5-HT 2C receptor activation is involved in the serotonergic inhibition of the M-current in POMC neurons.
To confirm the above supposition, the selective 5-HT 2C receptor antagonist RS-102221 (20 M) was perfused for 30 min prior to whole cell access and continuously perfused during the control and DOI treatment periods. In the presence of the antagonist, DOI did not suppress the M-current activity in any of the POMC neurons (n ϭ 8; Fig. 4E ). As a positive control, three POMC neurons from different slices from the same animals were not treated with RS-102221, and DOI significantly suppressed the M-current in these neurons (ANOVA: P Ͻ 0.01, df ϭ 1, F ϭ 31.7). Compared with DOI alone, the 5-HT 2C receptor antagonist clearly blocked the Fig. 1 . The M-current does not run down in proopiomelanocortin (POMC) neurons. A: whole cell patch-clamp recording of deactivation of the M-current in POMC neurons. From a holding potential of Ϫ60 mV, a voltage jump to Ϫ20 mV (300 ms) was followed by steps from Ϫ30 to Ϫ75 mV in 5-mV increments (500 ms) (31) . B: K ϩ currents evoked by the deactivation protocol do not run down over the 30-min recording period in 3 cells. T ϭ 0, 3 min after whole cell access. In 1 cell, 20 M 2,5-dimethoxy-4-iodoamphetamine (DOI) was perfused for 15 min; then 20 M XE-991 was perfused for 15 min to demonstrate the efficacy of DOI and the activity of the M-current. 's t-test) .
effects of DOI in suppressing M-current activity in fed male mice (Fig. 4F) .
Because serotonin reduces food intake via POMC neuronal activity in fed animals, the effects of DOI on the M-current were examined in POMC neurons from 24-h-fasted male mice for comparison with the fed state. Indeed, in the fasted male mice, the DOI-sensitive current at Ϫ35 mV was 40.7 Ϯ 7.1 pA ( Fig. 5A ; n ϭ 12, P Ͻ 0.0001 vs. control), and DOI perfusion suppressed the activity of the M-current by a greater, although nonsignificant, amount compared with the fed male mice (42.0 Ϯ 6.0% vs. 34.5 Ϯ 6.9%; Fig. 5B ). DOI also significantly depolarized POMC neurons by 7.1 Ϯ 1.4 mV (P Ͻ 0.01) and decreased the slope conductance from 2.6 Ϯ 0.3 to 1.7 Ϯ 0.1 nS (P Ͻ 0.05). Furthermore, DOI induced an inward current in POMC neurons in fed and fasted male mice (11.4 Ϯ 2.1 and 10.7 Ϯ 3.2 pA, respectively).
In the fasted male mice, XE-991 perfusion after DOI suppressed significantly more M-current activity (71.3 Ϯ 4.0% compared with control conditions), and the mean difference was Ϫ71.6 Ϯ 10.1 pA at Ϫ35 mV (P Ͻ 0.0001). As in the fed male mice, XE-991 (20 M) inhibited more of the M-current than DOI; however, the XE-991-sensitive current was significantly different (P Ͻ 0.01) from the DOI-sensitive current in the fasted, but not the fed, male mice (Fig. 5A vs. Fig. 4A ). These data indicate that DOI does not inhibit all the M-current activity in POMC neurons, regardless of feeding state. If 5-HT 2C receptor signaling inhibits a subset of KCNQ channels, then XE-991 should occlude any further actions of DOI. Therefore, POMC neurons (n ϭ 5) were perfused with XE-991 prior to DOI (Fig. 5C) , and as predicted, XE-991 occluded any further actions of DOI on the M-current. Also, after XE-991 (40 M) blockade of the M-current, DOI (20 M) depolarized POMC neurons by a small amount (3.2 Ϯ 1.0 mV, n ϭ 6, P Ͼ 0.05), which may reflect its effects on other channels (see DISCUSSION . Interestingly, the suppression of the M-current was significantly more robust in the caudal than the rostral region of the arcuate nucleus ( Fig.  5D ; P Ͻ 0.01). The suppression of the M-current in the middle region was only significantly different in the Ϫ40-to Ϫ50-mV range compared with the caudal region. At Ϫ35 mV, the average DOI-sensitive current was 15.3 Ϯ 3.0 pA in the rostral region (n ϭ 8), 32.6 Ϯ 5.9 pA in the middle region (n ϭ 16), and 49.8 Ϯ 10.6 pA (n ϭ 7) in the caudal region (P Ͻ 0.001 vs. rostral). Another difference was found in a very small subset (n ϭ 3) of POMC neurons in the middle region, where DOI augmented the M-current activity at Ϫ35 mV by ϩ57.3 Ϯ 5.1% (data not shown). Although there was not a significant difference in the change in slope conductance after DOI between the arcuate regions, the input resistance was significantly different (P Ͻ 0.05) between the rostral and caudal regions: 1.6 Ϯ 1.1, 1.1 Ϯ 0.1, and 0.8 Ϯ 0.1 G⍀ in rostral, middle, and caudal regions, respectively.
As predicted from our voltage-clamp data, DOI (20 M) significantly depolarized POMC neurons by 7.3 Ϯ 0.6 mV (n ϭ 3; Fig. 6A ) and induced firing. The depolarization in the current-clamp experiments was similar to the DOI-induced depolarization in the voltage-clamp experiments (7.5 Ϯ 1.0 mV). The addition of XE-991 (40 M), which fully inhibited the M-current, caused further depolarization (total ϭ 10.5 Ϯ 0.4 mV, n ϭ 3) and robustly increased firing (Fig. 6B) . However, in the presence of 2-APB (100 M), which in our hands fully antagonizes transient receptor potential channel (TRPC) 1, TRPC4, and TRPC5 activity in POMC neurons (27) , DOI still depolarized POMC neurons by 5.8 Ϯ 0.9 mV (n ϭ 4) and increased firing (Fig. 6C) . DOI ϩ XE-991 perfusion significantly depolarized the membrane potential compared with DOI alone and DOI ϩ 2-APB (Fig. 6D) . Therefore, besides hydrolyzing PIP 2 and uncoupling GIRK channels from G i,o protein-coupled (-opioid and GABA B ) receptors, a major effect of 5-HT 2C receptor activation is to inhibit the standing M-current in POMC neurons.
DISCUSSION
For the first time, we show that 5-HT 2C receptor agonists inhibit the M-current in POMC neurons in fed and fasted states. In contrast to NPY neurons, in which the M-current (and KCNQ2 and KCNQ3 mRNA subunits) is downregulated in fasted states (30) , in POMC neurons there was no change in M-current activity or the efficacy of the 5-HT 2C receptor to inhibit the activity with fasting. Although fasting may have less of an effect on M-current activity, the strong serotonergic (5-HT 2C ) receptor-mediated inhibition of the M-current in POMC neurons plays a critical role in governing POMC neuronal excitability in fed and fasted states, and modulation of the M-current in arcuate neurons may be a critical target for the control of energy homeostasis.
Many neurotransmitters modulate the M-current to control neuronal excitability, including acetylcholine via its G␣ q protein-coupled M 1 /M 3 /M 5 receptors (6, 9) and histamine via H 1 receptors (8) . Numerous peptidergic neurotransmitters also target the M-current to control neuronal activity in the CNS. Gonadotropin-releasing hormone, substance P, angiotensin II, and bradykinin modulate the M-current via their cognate G␣ q protein-coupled receptors (15, 18, 23, 34) . Endogenous cannabinoids also suppress the M-current through the G␣ q proteincoupled CB 1 receptor (32) . Although McCormick and Williamson (20) showed that serotonin could inhibit the M-current in cortical neurons, they did not ascertain the receptor subtype mediating this inhibition. Therefore, this is the first study to show that the G␣ q protein-coupled 5-HT 2C receptor can inhibit the M-current in CNS (POMC) neurons.
The common signaling pathway activated by these G␣ q protein-coupled receptors to impinge on the M-current activity is initiated by the activation of PLC and the subsequent hydrolysis of PIP 2 . The hydrolysis of PIP 2 alone can modulate the M-current activity, as reported for M 1 receptors (39). Other neurotransmitters and hormones activate pathways involving products of PIP 2 hydrolysis, diacylglycerol and inositol 1,4,5-trisphosphate, which in turn activate PKC and Ca 2ϩ -mediated signaling pathways, respec- . Data (control vs. DOI) were analyzed by 2-way ANOVA (P Ͻ 0.01, F ϭ 31.7, df ϭ 1) followed by Bonferroni-Dunn multiple comparison tests: **P Ͻ 0.01; ***P Ͻ 0.001; ****P Ͻ 0.0001 vs. control. F: change in maximum peak current (Ϫ35 mV) after perfusion of DOI (n ϭ 19 cells), DOI ϩ RS-102221 (RS102, n ϭ 8 cells), or mCPP (n ϭ 7 cells) in fed male mice. Data were analyzed by 1-way ANOVA (P Ͻ 0.01, F ϭ 6.6, df ϭ 2) followed by Bonferroni-Dunn multiple comparison tests: **P Ͻ 0.01 vs. DOI and mCPP.
tively (4) . PKC modulates the M-current by phosphorylation of the KCNQ subunits through its association with an A-kinase anchoring protein (AKAP150/79) (13) . Interestingly, serotonin, via the 5-HT 2C receptor, activates a PLC-PKC pathway in POMC neurons (26) , which generates two potential mechanisms for the suppression of KCNQ channel activity, PIP 2 depletion and phosphorylation by PKC.
The 5-HT 2C receptors modulate at least two other conductances to control POMC neuronal excitability. 5-HT 2C receptor agonists attenuate the GABA B activation of GIRK channels by Fig. 5 . DOI suppresses the M-current in fasted male mice similar to fed male mice, and expression of DOI-sensitive M-current is regionally dependent in arcuate POMC neurons. A: in fasted male mice, 20 M DOI suppressed M-current activity. After DOI treatment, 20 M XE-991 was perfused for 10 min. Current-voltage plots were analyzed by 2-way ANOVA (P Ͻ 0.0001, F ϭ 17.5, df ϭ 2) followed by Bonferroni-Dunn multiple comparison tests: **P Ͻ 0.01; ***P Ͻ 0.001; ****P Ͻ 0.0001 vs. control. B: percentage of control current suppressed by DOI at Ϫ35 mV in POMC neurons from fed and fasted male mice. C: DOI did not significantly suppress more M-current after XE-991 perfusion in POMC neurons from fed male mice. D: amount of M-current suppressed by DOI (DOI-sensitive current) is dependent on the region of the arcuate (Arc) nucleus. Suppression of the M-current was more robust in the caudal (n ϭ 7 cells) and middle (n ϭ 16 cells) regions than in the rostral region (n ϭ 8 cells). Current-voltage plots were analyzed by 2-way ANOVA comparing arcuate regions (P Ͻ 0.01, F ϭ 7.3, df ϭ 2) followed by BonferroniDunn multiple comparison tests: *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001 vs. caudal. Fig. 6 . Effects of XE-991 and the transient receptor potential channel (TRPC) blocker 2-aminoethoxydiphenyl borate (2-APB) on DOI-induced depolarization and firing in POMC neurons. A: in current clamp, perfusion with 20 M DOI significantly depolarized POMC neurons from fed male mice after 10 min by 7.3 Ϯ 0.6 mV (n ϭ 3) and induced firing. B: coperfusion of DOI and 40 M XE-991, which fully inhibited the M-current, caused a depolarization of 10.5 Ϯ 0.4 mV (n ϭ 3) and robustly increased firing. C: DOI also depolarized POMC neurons (n ϭ 4) in the presence of 100 M 2-APB by 5.8 Ϯ 0.9 mV and increased firing. D: DOI ϩ XE-991 perfusion significantly depolarized membrane potential compared with DOI alone and DOI ϩ 2-APB. Data were analyzed by 1-way ANOVA (P Ͻ 0.01, F ϭ 11.2, df ϭ 2) followed by Bonferroni-Dunn multiple comparison tests: *P Ͻ 0.05; **P Ͻ 0.01. decreasing the concentration of PIP 2 associated with the channels in the plasma membrane (26) . This effect greatly diminishes any inhibitory synaptic input that is coupled to GIRK channels. Recently, the 5-HT 1B /5-HT 2C receptor agonist mCPP was shown to depolarize (ϳ2 mV) a small subpopulation (25%) of POMC neurons in the arcuate nucleus via an inward cation current that is antagonized by TRPC blockers (36) . However, we found that DOI and mCPP induced a more robust depolarization (ϳ7 mV) and decreased the slope conductance as a result of the inhibition of the M-current in a majority of POMC neurons. Most importantly, by employing two 5-HT receptor agonists that overlap in their respective selectivity (DOI for 5-HT 2A /5-HT 2C and mCPP for 5-HT 1B /5-HT 2C ) and a selective 5-HT 2C receptor antagonist, RS-102221 (1), we are confident that the 5-HT 2C receptor mediates the serotonin effects on the M-current. Moreover, in the presence of a TRPC blocker, DOI was effective in depolarizing POMC neurons and inducing firing. Therefore, 5-HT 2C receptor activation has multiple effects on POMC neurons via inhibition of KCNQ channels (present results), via uncoupling of GIRK channels (26) , and in a minority of neurons activating TRPCs (36) .
Interestingly, the 5-HT 2C receptor agonist DOI suppressed more of the M-current in POMC neurons from the caudal than the more rostral regions of the arcuate nucleus. The regionally dependent differences in M-current sensitivity may be due to diversity in POMC neuronal subpopulations similar to the coexpression of neurotransmitters and peptides (GABA, glutamate, acetylcholine, and dynorphin) (12, 19, 21) and response to peripheral (insulin and leptin) (38) and central (serotonin) signals (36) . In addition, POMC neuronal diversity may also include expression of KCNQ channel subunits in composition and gene expression. Therefore, POMC neuronal diversity may be a result of the numerous homeostatic functions mediated by these critical neurons throughout the CNS, including reproduction, stress response, natural reward, and energy homeostasis.
Recently, we showed that fasting reduced the activity of the M current in NPY neurons due, in part, to a reduction in the expression of KCNQ2 and KCNQ3 subunits. NPY neurons are orexigenic and act in opposition to POMC neurons in the control of feeding behavior; thus we hypothesized that fasting would also alter the expression of the M-current in POMC neurons. Interestingly, the effects of fasting in POMC neurons on the M-current were dependent on the concentration of the selective KCNQ channel blocker XE-991. Specifically, using 20 M XE-991, we found that the XE-991-sensitive current was significantly greater in the fasted male mice (Fig. 3) . On the basis of an IC 50 of 0.6 M (37), 20 M XE-991 should block KCNQ2 and KCNQ3 channels. Indeed, on the basis of our previous single-cell analysis in the guinea pig (29), KCNQ2 and KCNQ3 channel subunits are the predominant transcripts in POMC neurons. In slice preparations, 40 M XE-991 should sufficiently block all KCNQ2/3 homomultimers and heteromultimers, as well as KCNQ5 hetero/ homomultimers, which have lower sensitivity to XE-991 (IC 50 ϭ 65 M for KCNQ5 homomultimers) (31) . The difference in the amount of current blocked between the two concentrations suggests an alteration in the KCNQ channel subunit composition between the fed and the fasted state (perhaps more KCNQ5 in the fed state), although we cannot determine differences in subunit composition with any of the available pharmacological tools.
In conclusion, our data provide a new cellular target (KCNQ channels) for serotonin to activate POMC neurons and reduce feeding. By inhibiting the standing M-current, serotonin will depolarize the anorectic POMC neurons and induce firing. Moreover, by uncoupling inhibitory synaptic inputs linked to GIRK channels, serotonin will generate robust action potential firing and, subsequently, increase the secretion of POMC peptides involved in suppressing feeding behavior. The inhibition of the M-current by serotonin via the 5-HT 2C receptor would increase POMC neuronal activity and activate the melanocortin neuron circuitry to reduce feeding behavior. The regional differences in M-current suppression by DOI suggest subtle changes in serotonergic inputs across the arcuate nucleus in POMC neurons. Along with our recent data on the regulation of the M-current by fasting and 17␤-estradiol in NPY neurons (30) , this new study further positions the M-current as a critical component in control of NPY and POMC neuronal activity by central and peripheral signals to control energy homeostasis.
